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SURSHUWLHVRIXOWUDVKRUWODVHUEHDPVVXFKDVORZDQGZHOOGHILQHGDEODWLRQWKUHVKROGVQHJOLJLEOHKHDWDIIHFWHG]RQHV
GXHWRPLQLPXPWKHUPDOORDGWRWKHVXEVWUDWHDQGDYRLGLQJSODVPDVKLHOGLQJHIIHFWVWKDWLVDGYDQWDJHRXVIRUKLJK
HIILFLHQWDQGSUHFLVLRQPDWHULDOSURFHVVLQJ,QRUGHU WR LQFUHDVHSURGXFWLYLW\DQG WKURXJKSXWDVDQRWKHU LQGXVWULDO




IRUSXOVH UHSHWLWLRQ IUHTXHQFLHV LQ WKH UDQJHRI VHYHUDO KXQGUHGNLORKHUW] DQG DERYH'HSHQGLQJRQ IOXHQFH SXOVH
UHSHWLWLRQIUHTXHQF\DQGPDWHULDOLQWKLVWLPHUHJLPHWKHSODVPDSDUWLFOHVDQGFOXVWHUVWKDWDUHSURGXFHGE\RQHODVHU
SXOVH UHIOHFW VFDWWHU DQG DEVRUE WKH IROORZLQJ ODVHU SXOVHV WKDW LQ WXUQ GHFUHDVHV WKH DEODWLRQ HIILFLHQF\ DQG
LQFUHDVHV WKH GULOOLQJ WLPH $V DQRWKHU HIIHFW KHDW DFFXPXODWLRQ ZDV REVHUYHG IRU PHJDKHUW] SXOVH UHSHWLWLRQ
IUHTXHQFLHV SRWHQWLDOO\ HQKDQFLQJ WKH DEODWLRQ HIILFLHQF\ EXW DV D GLVDGYDQWDJH HQODUJHG KHDW DIIHFWHG ]RQHV DQG
PDWHULDOPHOWLQJUHGXFHVWKHTXDOLW\RIWKHSURFHVVLQJ7KLVLVWKHUHVXOWRIKLJKWKHUPDOORDGWRWKHVXEVWUDWHVEHFDXVH
DWKLJKSXOVH UHSHWLWLRQ IUHTXHQFLHV WKH WLPH LQWHUYDOEHWZHHQVXFFHVVLYHSXOVHV LV WRRVKRUW IRUFRPSOHWHFRROLQJ
DQGVXUIDFHWHPSHUDWXUHLQFUHDVHVVWHDGLO\ZLWKLQFUHDVLQJSXOVHVQXPEHUDVVKRZQE\6FKLOOH:HEHUHWDO
DQG%DXHUHWDO
,Q WKLV SDSHU PLFUR KROH SHUFXVVLRQ GULOOLQJ RQ VWDLQOHVV VWHHO LV VWXGLHG XVLQJ D KLJK UHSHWLWLRQ IUHTXHQF\
IHPWRVHFRQGODVHUZLWKWKHPDLQJRDOWRSURYLGHQHZLQVLJKWVRQKLJKVSHHGGHHSPHWDOODVHUGULOOLQJ7KHUHIRUHWKH
QXPEHU RI SXOVHV QHHGHG WR GULOO WKURXJK PHWDO VKHHWV ZLWK WKLFNQHVV UDQJLQJ EHWZHHQ  P DQG PP DUH
GHWHUPLQHG DV IXQFWLRQRI IOXHQFH DQGSXOVH UHSHWLWLRQ IUHTXHQF\2QFHGULOOHG WKURXJK WKHQXPEHU RI LUUDGLDWHG
SXOVHVZDV LQFUHDVHG LQ RUGHU WR DGMXVW HQWUDQFH DQG H[LW GLDPHWHU DVZHOO DV WDSHU DQJOH RI WKH GULOOLQJ KROH ,Q
DGGLWLRQWKHLQIOXHQFHRIWKHSURFHVVLQJSDUDPHWHUVRQWKHGULOOLQJTXDOLW\LVHYDOXDWHG7KHUHIRUHFURVVVHFWLRQVRI
WKHGULOOHGKROHV DUHDQDO\]HGE\6(0PLFURJUDSKVZLWK UHJDUG WREXUU IRUPDWLRQ URXQGQHVVDQGZDOOJHRPHWU\
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7ZRGLIIHUHQWSURFHVVLQJUHJLPHVZHUHLQYHVWLJDWHGLQWKLVZRUNE\YDU\LQJWKHHQHUJ\RUUDWKHUWKHIOXHQFHRI









'XHWRDFRQVWDQWVSRWUDGLXV WKHPD[LPXPIOXHQFHUHSUHVHQWV WKHSXOVHHQHUJ\LQSXW LQWRWKHVDPSOHPDWHULDO
7KXVLQWKHORZIOXHQFHUHJLPHOHVVSXOVHHQHUJ\ZLOOEHDSSOLHGZLWKLQDODVHUSXOVHZKLOHWKHUHSHWLWLRQIUHTXHQF\
FDQEHLQFUHDVHGWRLWVPD[LPXPRI0+])RUWKHKLJKIOXHQFHUHJLPHKLJKHUSXOVHHQHUJ\YDOXHVFDQEHSURYLGHG
















3.1. Influence of the polarization state 
7KHGULOOLQJH[SHULPHQWVZHUHFDUULHGRXWDSSO\LQJ OLQHDUSRODUL]DWLRQHPLWWHGE\ WKH ODVHU VRXUFHDQGFLUFXODU
SRODUL]DWLRQ JHQHUDWHG E\ DQ DGGLWLRQDO ʄZDYHSODWH ZLWKLQ WKH ODVHU EHDP SDWK 7KHUH ZDV DQ LQVLJQLILFDQW
LQIOXHQFHRIWKHSRODUL]DWLRQVWDWHRQWRWKHKROHJHRPHWU\DQGWKHQXPEHURISXOVHVIRUGULOOLQJWKURXJKZKHQVKHHW
WKLFNQHVVZHQWEH\RQGP+RZHYHUE\DSSO\LQJOLQHDUSRODUL]HGUDGLDWLRQDFOHDUGURSLQKROHTXDOLW\DWWKH
H[LW VLGH ZDV REVHUYHG ZLWK LQFUHDVLQJ PDWHULDO WKLFNQHVV DERYH  P LQ FRPSDULVRQ WR GULOOLQJ UHVXOWV ZLWK
FLUFXODUSRODUL]HGUDGLDWLRQZKLFKLVGHPRQVWUDWHGLQ)LJ
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
)LJ,QIOXHQFHRIWKHSRODUL]DWLRQVWDWHRQWKHPLFURKROHH[LWIRUPDWLRQIRUDPDWHULDOWKLFNQHVVRIPP




,QLWLDOO\ WKH LQIOXHQFHRI WKHPDWHULDO WKLFNQHVVRQPLFURKROH IRUPDWLRQZDV LQYHVWLJDWHG LQGHWDLO7KHXSSHU
GLDJUDPV LQ )LJ  GHSLFW WKH DYHUDJH QXPEHU RI SXOVHV IRU WKURXJK KROH JHQHUDWLRQ DV D IXQFWLRQ RI PDWHULDO















ORZHU GLDJUDPV LQ )LJ  *HQHUDOO\ WKH KROH HQWUDQFH GLDPHWHU LV D IXQFWLRQ RI WKH PDWHULDO WKLFNQHVV :LWK









WKLFNQHVV RQWR WKH KROH IRUPDWLRQ JHQHUDWHGZLWK WKHPD[LPXP DYDLODEOH IOXHQFH RI  -FPð DQG D UHSHWLWLRQ
IUHTXHQF\RIN+]LVH[HPSODULO\GHPRQVWUDWHGLQ)LJIRUPPDQGPPWKLFNVKHHWV7KHKROHHQWUDQFH
LQ WKH OHIW SLFWXUH LV DFFRPSDQLHG E\ D FLUFXODU FUDWHU DURXQG WKH KROHZKLFK LV FRYHUHGZLWK ULSSOHV DOWKRXJK D
FLUFXODUSRODUL]HGEHDPZDVXWLOL]HG0D\EHWKHUHKDVEHHQHPHUJHGDULQJVKDSHGPHOWIRUPDWLRQRULJLQDWLQJIURP
GHHSHU UHJLRQV RI WKH KROH GXULQJ WKH GULOOLQJ SURFHVV OHDGLQJ WR FKDQJHG DEVRUSWLRQ FRQGLWLRQV DURXQG WKH KROH
HQWUDQFH7KHKROHH[LWVKRZQLQ)LJDLQWKHULJKWLPDJHLVFKDUDFWHUL]HGE\DVKDUSERXQGDU\ZLWKRXWQRWLFHDEOH
PHOW RU GHEULV%\GULOOLQJ D VKHHW WKLFNQHVV RIPP DV FDQEH VHHQ LQ WKH OHIW VLGH LPDJHRI)LJ E WKHPHOW




)LJ  6(0 LPDJHV RI WKH KROH HQWUDQFHV DQG H[LWV JHQHUDWHGZLWK D IOXHQFH+PD[    -FPð DQG D UHSHWLWLRQ IUHTXHQF\ I    N+] IRU
GLIIHUHQWPDWHULDOWKLFNQHVVHVDW PP1 EW PP1 
3.3. Impact of laser fluence, pulse repetition frequency and number of pulses 
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ODVHU SXOVHV FDQ EH PHDVXUHG IRU WKH LQYHVWLJDWHG IOXHQFHV LQ WKH KLJK IOXHQFH UHJLPH UHIHU WR )LJ D 7KXV
FRQWLQXRXVPDWHULDODEODWLRQWDNHVSODFHDWWKHVROLGVXUIDFHWKDWZLGHQVWKHKROHDIWHUGULOOLQJWKURXJK7KHGLDPHWHU





WKHHQWUDQFHDVZHOODVDW WKHH[LWEHFRPH ODUJHUZKHQKLJKHU ODVHU IOXHQFHZDVDSSOLHG$W WKH ORZHVW IOXHQFHRI
-FPð WKH HQWUDQFHGLDPHWHU DQG WKH H[LW DPRXQWV WRPDQGP UHVSHFWLYHO\ZKHQ ODVHUSXOVHV
ZHUHDSSOLHG,IWKHKLJKHVWDYDLODEOHODVHUIOXHQFHRI-FPðZDVXVHGWKHGLDPHWHULVLQFUHDVHGWRPDWWKH
HQWUDQFHDQGPDW WKHH[LWGXH WR WKHIDFW WKDWRXWHU IOXHQFHSDUWVRI WKH*DXVVLDQGLVWULEXWHG ODVHUEHDPDUH
KLJKHQRXJKWRLQGXFHPDWHULDOUHPRYDO
,Q FRQWUDVW WR WKH UHVXOWV REWDLQHG ZLWK KLJKIOXHQFH SXOVHV GLVFXVVHG DERYH LQ WKH ORZIOXHQFH UHJLPH WKH
GLDPHWHUV DW WKH HQWUDQFH DQG DW WKH H[LW RI WKH GULOOHG KROHV DUH FRQVWDQW LQGHSHQGHQWO\ IURP WKH QXPEHU RI
LPSLQJLQJ ODVHU SXOVHV DV FDQ EH VHHQ LQ )LJ E 7KH KROH HQWUDQFH GLDPHWHUZDVPHDVXUHG RI DERXW  PQR
PDWWHUZKHWKHUWKHIOXHQFHZDV-FPð-FPðRU-FPð7KLVLVYHU\VLPLODUWRWKHIRFXVEHDPGLDPHWHUDQG










ERWK IOXHQFHUHJLPHV DSSOLHG D ODUJHU KROH HQWUDQFH GLDPHWHU ZDV PHDVXUHG IRU SXOVHV RI KLJKHU UHSHWLWLRQ
IUHTXHQF\HLWKHUVXFKDVPDWN+]YHUVXVPDWN+]IRUSXOVHVRI-FPðIOXHQFH LQ)LJDRU
P DW  N+] YHUVXV  P DW 0+] IRU SXOVH RI  -FPð LQ )LJ E UHVSHFWLYHO\$ VLPLODU WUHQG FDQ EH
UHFRJQL]HG ZKHQ ORRNLQJ WR WKH KROH H[LW GLDPHWHUV LQ )LJ  ,Q WKH KLJKIOXHQFH UHJLPH WKH H[LW GLDPHWHUV









LPSLQJLQJ RSWLFDO HQHUJ\ ZLOO EH GHSRVLWHG DV KHDW 7KLV DVVXPSWLRQ LV EDVHG RQ HDUOLHU ZRUN RQ VWDLQOHVV VWHHO
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FKDQQHOOLQJ HIIHFWV GXULQJ KROH GULOOLQJ +RZHYHU IRU SHUFXVVLRQ GULOOLQJ LW LV ZLGHO\ UHFRJQL]HG WKDW PDWHULDO
UHPRYDOE\PHOWH[SXOVLRQUHVXOWVLQLUUHJXODUDQGDV\PPHWULFKROHVKDSHV
)LJSUHVHQWV6(0PLFURJUDSKVRIPLFURKROHVGULOOHG LQPPWKLFNVWDLQOHVVVWHHO VKHHWV LQFURVVVHFWLRQ
YLHZWRJLYHDPRUHGHWDLOHGLQVLJKWRQVLGHZDOOIRUPDWLRQWDSHUDQJOHDQGGULOOLQJTXDOLW\DFKLHYHGZLWKLQFUHDVLQJ
SXOVHQXPEHU7KHKROHVVKRZQIRUWKHKLJKIOXHQFHUHJLPHLQ)LJDSXOVHVRI-FPðLUUDGLDWHGZLWKN+]




WKH KROH SHULSKHU\ DV DOUHDG\ UHSRUWHG E\ 6HPDN HW DO  ,Q )LJ D WKH EXUU KHLJKW JURZV VWHDGLO\ ZLWK
LQFUHDVLQJ SXOVH QXPEHU WKDW LV GXH WR IXUWKHU DFFXPXODWLRQ RI HMHFWHGPDWHULDO 2QFH WKHPHWDO VKHHW LV GULOOHG
WKURXJKZLWK RQJRLQJ LUUDGLDWLRQ WKH KROH H[LW GLDPHWHU LQFUHDVHGZLWK SXOVH QXPEHU DV WKH UHVXOW RI FRQWLQXLQJ
PDWHULDOUHPRYDORQWKHKROHVLGHZDOOVWKXVWKHWDSHURIWKHGULOOHGKROHGHFUHDVHGIURPWR$VDQRWKHUHIIHFW
RI IXUWKHU SURFHVVLQJ VPRRWKHQLQJ RI WKH KROH ZDOOV WRRN SODFH WKDW PLJKW EH LQGXFHG E\ K\GURG\QDPLF PHOW
H[SXOVLRQ HIIHFWV FDXVLQJ WKH IORZ RI PROWHQ PDWHULDO DORQJ WKH KROH ZDOOV $ GLVWLQFW DPRXQW RI PROWHQ DQG




)LJ&URVV VHFWLRQYLHZDQG6(0 LPDJHVRI WKHKROH HQWUDQFHV DQGH[LWVRIGULOOLQJSDUDPHWHU VHWWLQJVZLWKGLIIHUHQW IOXHQFHV DQGSXOVH
UHSHWLWLRQIUHTXHQFLHVD+PD[ -FPðI N+]1 IOWUE+PD[ -FPðI N+]1 
IOWU
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)LJELOOXVWUDWHVKROHIRUPDWLRQDVIXQFWLRQRISXOVHQXPEHUWKDWZDVDFKLHYHGLQSHUFXVVLRQGULOOLQJZLWKSXOVHV
RI-FPðDQGN+],QWKLVORZIOXHQFHUHJLPHWKHGULOOHGKROHVIRUPHGPXFKPRUHUHJXODUZLWKDOPRVWEXUU
IUHH DQG VKDUS ERXQGDULHV DQG VPRRWK KROH VLGHZDOOV 7KLV LQGLFDWHV PDWHULDO HYDSRUDWLRQ DV GRPLQDQW UHPRYDO
PHFKDQLVPWKDWLVDORQJZLWKLQVLJQLILFDQWDPRXQWVRIPHOWLQJ7KHKROHJHRPHWU\DFKLHYHGVKRZVDFKDUDFWHULVWLF
WDSHURI DERXWZLWKDQDUURZGULOOLQJFKDQQHO DW WKHHQGRI WKHGULOOHGKROH7KLVREVHUYHGFKDQQHOOLQJHIIHFW





3.4. Determination of optimal drilling parameters 




IOXHQFH SXOVHV LW ZDV SRVVLEOH WR GULOO WKURXJK PDWHULDO WKLFNQHVVHV XS WR  PP %XW E\ XVLQJ WKLV UHJLPH DQ
LUUHJXODUO\VKDSHRIWKHGULOOLQJKROHVDQGEXUUIRUPDWLRQDURXQGWKHKROHHQWUDQFHKDVEHHQLGHQWLILHG
&RQFOXVLRQV
,Q VXPPDU\ LW FRXOG EH VKRZQ WKDW WKH DSSOLFDWLRQ RI XOWUDVKRUW SXOVH ODVHU WHFKQRORJ\ LQ FRPELQDWLRQ ZLWK
FLUFXODUSRODUL]HGODVHUEHDPUDGLDWLRQLVZHOOVXLWDEOHIRUSURFHVVLQJRI$,6,VWDLQOHVVVWHHOZLWKWKHSHUFXVVLRQ
GULOOLQJPRGH,WZDVSRVVLEOHWRGULOOWKURXJKDPDWHULDOWKLFNQHVVXSWRPPZLWKWKHKLJKIOXHQFHUHJLPHDQGXS
WR  PP ZLWK WKH ORZ IOXHQFH UHJLPH 'HSHQGHQW RQ WKH FKRVHQ SDUDPHWHUV DQG SXOVH QXPEHUV LPSRUWDQW
SURSHUWLHV RI WKH GULOOHG KROHV OLNH WKH HQWUDQFH GLDPHWHU WKH H[LW GLDPHWHU DQG WKHUHIRUH WKH WDSHU DQJOH FDQ EH
VSHFLILFLQIOXHQFHG%\XVLQJWKHORZIOXHQFHUHJLPHZLWKDIOXHQFH-FPðDQGDSXOVHUHSHWLWLRQIUHTXHQF\RI
N+] WKHUHZHUHDFKLHYHG WKHEHVW UHVXOWV UHIHUULQJ WR WKHKROHTXDOLW\7KHUHFRXOGEH IRXQGDPDUJLQDOKHDW
DIIHFWHG ]RQH ZLWK ORZ PHOWHG PDWHULDO DURXQG WKH GULOOHG KROH LQ FRPELQDWLRQ ZLWK D KLJK URXQGQHVV DQG ORZ






)|KO & 'DXVLQJHU )  +LJK SUHFLVLRQ GHHS GULOOLQJ ZLWK XOWUDVKRUW SXOVHV )RXUWK ,QWHUQDWLRQDO 6\PSRVLXP RQ ODVHU 3UHFLVLRQ
0LFURIDEULFDWLRQ,QWHUQDWLRQDO6RFLHW\IRU2SWLFVDQG3KRWRQLFV
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